Recent advances in limb regeneration are revealing the molecular events that integrate growth control, cell fate programming, and positional information to yield the exquisite replacement of the amputated limb. Parallel progress in several invertebrate and vertebrate models has provided a broader context for understanding the mechanisms and the evolution of regeneration. Together, these discoveries provide a foundation for describing the principles underlying regeneration of complex, multi-tissue structures. As such these findings should provide a wealth of ideas for engineers seeking to reconstitute regeneration from constituent parts or to elicit full regeneration from partial regeneration events.
Introduction
Salamander limb regeneration has captivated diverse audiences ever since its discovery by Spallanzani over 250 years ago (Dinsmore and American Society of Zoologists., 1991) . Initially the findings fueled debate among philosophers, clergy, and biologists about the nature of living material because the data revealed that the body plan had not been irreversibly fixed as a homunculus in the early embryo. Beyond the general awe that this feat inspires in us all, the question of how it happens has remained an important challenge for biologists who seek to explain natural phenomena. Historically, the system attracted illustrious scientists who performed fundamental experiments to delineate its basic properties. For example, the grafting of regenerating tissue from the left to the right arm induces three limbs, called supernumerary limbs, to regenerate ( Figure 1A ). Making a circular arm by grafting followed by reamputation induces a reverse polarity limb to grow, in a phenomenon termed the ''Rule of Distal Transformation'' ( Figure 1B ) (for review see (Nacu and Tanaka, 2011) ).
Beyond the Frankensteinian titillation engendered by such spectacular grafting results, they have represented an essential foundation for molecular dissection, just as the embryological grafting experiments of Spemann and Mangold defined a key developmental concept of the ''organizer'' that eventually yielded to a molecular explanation in the 1990s (for review see (Harland and Gerhart, 1997) ). Achieving a molecular explanation for regeneration posed extra challenges compared to understanding embryos due to the complexity of injured adult tissue as a starting point, and the need to examine cell, gene, and protein function at late stages. However, through the parallel development of new molecular technologies and their dedicated application to regeneration, explanations to a number of the fundamental questions are steadily emerging. An exciting dimension of the current results are the intriguing and sometimes surprising clues they are divulging toward understanding the evolution of regenerative traits. These findings can help to guide concepts and strategies for mechanistically tackling one of the most fundamental questions we would like to know-why does regeneration occur in some species and not others? Just as molecules and concepts identified by basic embryology have been foundational in guiding modern stem cell biology toward engineering cell types and organoids, it will be fruitful to use the concepts and molecules coming from studying regeneration to guide progress in stem cell biology, cellular reprogramming, and genome and tissue engineering toward building or repairing complex body parts.
The aim and structure of this review are to guide the reader through the progress on the basic questions that regeneration biologists are asked time and again: why does amputation start regeneration? How does it know when to stop? How does the limb ''know'' which parts of the limb to regenerate? Are cells reprogrammed or dedifferentiated to regenerate? How did it evolve? An important recent synergy has been parallel progress in multiple invertebrate and vertebrate models. It is not possible to generally cover all systems here, but rather this review anchors itself on progress in salamander limb regeneration and refers to parallel or supporting information from other regeneration systems to fulfill illustrative aims.
How Does Regeneration Start?
How Do Injury Signals Initiate Sustained Cell Proliferation that Leads to Patterning? Regeneration starts in the context of the havoc wreaked by tissue injury including clotting, immune activation, and cell death. Then, within some hours after amputation, a simplified epithelium composed of keratinocytes crawls over the stump. Underneath the epidermis, cells from several mesodermally derived adult tissues undergo an extended period of proliferation to eventually form a blastema of mesenchymal cells resembling a limb bud that continues growth, differentiation, and morphogenesis to eventually replace the missing limb. Injury, which induces wound-healing and an initial proliferative wave in the mesodermal cells, is clearly not sufficient to sustain the proliferation required to progress to regeneration but injury signals are doubtless an essential part of initiating regeneration (Mescher and Tassava, 1975) . Conceptually it is important to understand the distinction between injury and amputation in order to determine the molecular triggers of regeneration and to understand how the geometry of the amputation leads to a sustained regeneration response. Interestingly, lateral wound induced proliferation versus amputation-associated sustained proliferation is also observed in regeneration of the invertebrate model, planaria (Wenemoser and Reddien, 2010) .
Reflecting the complexity of tissue-level events, a number of cell types and molecular factors have been implicated in the early parts of regeneration since removal of certain cell types or inhibition of canonical signaling pathways often yields decreased proliferation (for review see Antos and Tanaka, 2010) . In such experiments it has rarely been established whether the pathway acts as an initial trigger or a later actor in sustenance of the blastema and whether the signaling pathway is a direct inducer of proliferation or acts indirectly through another cell type. Canonical WNT signaling was found to act non-autonomously in non-proliferative tip cells in the regenerating zebrafish fin, and probably in the wound epidermis of axolotl to support underlying blastema cell proliferation, although canonical signaling may also play a direct role in osteoblast proliferation (Stewart et al., 2014; Kawakami et al., 2006; Wehner et al., 2014) . Candidate downstream proliferative pathways in zebrafish include retinoic acid and FGF20 (Blum and Begemann, 2012) . Macrophages are also an essential cell type for creating a pro-proliferative environment since macrophage depletion during salamander limb regeneration blocked regeneration (Godwin et al., 2013) . These purely in vivo approaches have so far not fully disentangled direct proliferation inducers from the web of tissue contingencies involved.
Recently, axolotl MARCKS-like protein (MLP, also called MARCKS-related protein and MacMARCKS) was identified as a direct inducer of the initial cell cycle of diverse cell types during axolotl limb and tail regeneration (Sugiura et al., 2016) . Its identification involved an expression cloning strategy assaying for an extracellular factor that induced newt myotube cell-cycle entry in culture. In vivo injection of the purified factor into uninjured axolotl tissue induced multiple cell types to enter the cell cycle. Consistent with a role in initiating regenerative proliferation, in vivo inhibition of the factor via antisense morpholinos or injection of blocking antibodies inhibited amputation-induced cell proliferation. MLPs were classically identified as intracellular proteins but a significant fraction of AxMLP compared to MLPs from other an- (Iten and Bryant, 1975) . Blue and red represent limb tissue with anterior and posterior identity, respectively. (B) Generation of a circular limb then amputation shows that the regenerate always regenerates distal elements from the level of amputation (Butler, 1955 ) (adapted from Nacu and Tanaka, 2011). imals was found extracellularly, although a small fraction of extracellular MLP was found for other species. An interesting question is whether other regenerative vertebrates use MLP and whether under certain circumstances mammalian MLPs can get out of cells and exert pro-proliferative functions. The intracellular localization of vertebrate MLP differs depending on phosphorylation state (Sundaram et al., 2004) . In the salamander, MLP localization differs between the adult versus the wound epidermis where it is membrane associated. This localization is suggestive of an injury-related mechanism that makes wound epidermis competent for extracellular release.
Sustenance of Proliferation through Nerve and NerveEpidermal Interactions
Blastema progression relies on the sustained self-renewal of mesenchymal cells (the identity of which will be discussed later). Severed nerves abutting the wound epidermis play a central role in signaling this sustained proliferation and represent one of the amputation-associated signals that progresses wound healing toward regeneration (reviewed in (Stocum, 2011) ). When limb nerves are cut at the shoulder to produce an ''axon-free'' limb, limb amputation still induces an initial wound-induced cell cycle but proliferation is not sustained (Mescher and Tassava, 1975) . Conversely, rerouting of nerve endings to a surface wound on a lateral site on the limb is sufficient to ectopically induce a proliferative mesenchymal blastema (Endo et al., 2004; Lheureux, 1977) (Figure 2A ). Blastema proliferation is sustained for 19 days if nerve is deviated to the anterior (or posterior)-facing wound surface, but then, the blastema degenerates unless a piece of complementary posterior (or anterior) limb tissue is grafted at the site which leads to the growth of an ''accessory limb'' (Figure 2A ). This observation indicates that nerves can sustain blastema proliferation for a while, but an additional position-related input is necessary to complete regeneration. This position-related tissue requirement is also reflected in supernumerary limb formation after left-to-right blastema transplantation ( Figure 1A ), a phenomenon that will be discussed later in this review.
Both candidate and unbiased approaches have been used to identify factors involved in nerve-dependent, mesenchymal self-renewal, and it is clear that multiple factors with different mechanisms of action are involved. For example, nerve-derived transferrin likely plays a nutritional role in blastema proliferation (Mescher and Munaim, 1984) . On the other hand, following the rationale that a growth factor produced by injured nerve may be involved, neuregulin, a ligand of ErbB receptors, was the first growth factor assayed that fulfilled the criteria of a nerve-derived regeneration factor (Brockes and Kintner, 1986; Wang et al., 2000) .
Bryant and colleagues put forth a complementary concept highlighting nerve as a relay that confers competence to the wound epidermis to support blastema growth. Wound epidermis expression of the transcription factor Dlx3 and other developmental factors is nerve dependent in axolotl and application of an FGF2-soaked bead in the denervated axolotl limb rescued Dlx3 expression and promoted regeneration (Mullen et al., 1996) . FGFs plus BMPs as potential nerve factors was further addressed by Satoh et al. who showed that FGF8 and BMP7 could substitute nerve-rerouting during accessory limb induction (Makanae et al., 2014) . However, complete denervation of the limb prior to bead implantation yielded incomplete limb induction. This result indicated that later ingrowth of nerves contributed to the factor-induced regeneration. Nonetheless, FGFs and BMPs are likely nerve-derived contributors to regeneration.
An unbiased screen in the newt uncovered a ''novel'' signaling system in a nerve-epidermal relay. Brockes and colleagues had previously identified PROD1, a GPI-linked protein of the Ly6/ PLAUR family, as a blastema cell-surface protein involved in upper limb regeneration, a property that will be discussed later. Two-hybrid screening for a PROD1 ligand turned up newt anterior gradient 2 (NAG), a thioredoxin fold-containing protein which is expressed in Schwann cells near the amputation plane and in glandular cells of the wound epidermis (Kumar et al., 2007) . Expression of NAG in denervated limbs completely rescued limb regeneration, and consistent with a nerve-epidermal relay, denervated limbs lost epidermal NAG expression. Exposure of cultured blastema cells to NAG stimulated cell proliferation, which was inhibited by addition of antibodies against PROD1, confirming a role in proliferation. Further studies showed that PROD1 associates with EGFR to induce Matrix Metalloproteinase 9, a protein activity associated with multiple regeneration contexts (Blassberg et al., 2011; McClure et al., 2008) .
A Link between Regeneration and Tumor Pathways? Intriguingly, NAG is the ortholog of human AGR2, an extracellular protein implicated in tumor metastasis. In line with the two-hybrid results showing a NAG/PROD1 interaction, human AGR2 has been reported to bind to the Ly6-family member called C4.4 that has also been implicated in mestatasis (Fletcher et al., (D) The FGF8-SHH crosstalk is induced at three sites after left-to-right blastema transplantation (as in Figure 1A ), leading to supernumerary limb formation.
2003). In fact, several researchers in the field have hypothesized the action of cancer-related pathways in regeneration since proliferation of an undifferentiated mass of cells in adult tissue has some clear resemblances to a tumor (Rojas-Muñ oz et al., 2009; Stewart et al., 2013) . There is increasing evidence that reduction of tumor suppressor activities is required for successful regeneration, exemplified by the inhibitory effects of the p53 activating drug, nutlin, on regeneration (Yun et al., 2013) . Treatment of regenerating limbs with the p53 inactivator, pilfithrin, also blocked regeneration leading to the conclusion that a certain setpoint for p53 activity is optimal for regeneration (Villiard et al., 2007; Yun et al., 2013) . It is uncertain, however, whether the relevant target cell for the activating versus repressive treatments was the same in those experiments. The need to negate p53 pathways to promote regenerative events is supported by in vitro experiments inducing myotube and myocyte dedifferentiation, experiments that will be discussed later in this review (Pajcini et al., 2010; Wang et al., 2015) . Interestingly, the axolotl p53 protein sequence harbors an amino acid composition at certain key positions that is typically associated with human cancers (Villiard et al., 2007) and the functional relevance of these divergent sites could be an interesting avenue for future investigation. More precise, in vivo, work specifically targeting p53 in the relevant blastemaforming cells will be necessary to pursue these findings in future.
Alterations in an upstream p53 regulator could hold one key to regeneration differences among vertebrates. Regenerative vertebrates strikingly lack one of the canonical mammalian tumor suppressors, p19ARF. Expression of the human p19arf locus in zebrafish was permissive for development, but upon fin amputation, ARF levels rose, and inhibited regeneration (Hesse et al., 2015) . Epistasis analysis showed that p53 was required for ARF action, which induced apoptosis and cell-cycle arrest. Understanding the molecular events surrounding p53 activities will be a fruitful future direction. Expression profiling analysis of regenerative events has highlighted that regeneration invokes sustained upregulation of pathways involved in oncogenesis and in responding to genotoxic stress Stewart et al., 2013) . Furthermore, it was recently found that challenging regenerating limb tissue with senescent cells elicited a clearance of those cells. This phenomenon could represent a mode of coping with cells that had not adequately downregulated p53 activity and are incompetent to participate (Yun et al., 2015) .
Connecting Growth to Position to Successfully Complete Regeneration
The control of growth and a transition to cell differentiation that appropriately integrates body location is a key feature that distinguishes a regenerating limb from a tumor. These control mechanisms are manifested during the last phase of blastema growth and depend on the interactions between limb cells with separate anterior and posterior determination states. This requirement is most clearly illustrated in the blastema left-to-right transplantation experiment, and accessory limb experiment (Figures 1A and 2A) in which artificial juxtaposition of anterior and posterior limb tissue combined with innervation is necessary and sufficient to induce complete regeneration of a patterned limb. The accessory limb model showed that nerve rerouting could support blastema proliferation for up to 19 days, but in the absence of an anterior/posterior tissue interface, proliferation and further regeneration was not sustained (Endo et al., 2004) . This property represents another control mechanism to ensure that limb regeneration occurs only at the end of an amputated limb.
Recently Nacu et al. defined the molecular signaling system underlying the anterior/posterior tissue interaction that integrates position with growth (Nacu et al., 2016) . Capitalizing on developmental studies that had identified posteriorly localized Sonic hedgehog as an essential component of a SHH-Gremlin-FGF signaling loop that stimulates limb development, the authors found that activation of the hedgehog signaling pathway in ''anterior blastemas''-blastemas formed by nerve rerouting to anterior limb surface-was sufficient to substitute posterior tissue transplantation to induce completion of limb growth ( Figure 2B ). In contrast HH signaling was unable to elicit regeneration from ''posterior blastemas.'' Gene expression analysis revealed that the competence to express FGF8 and Gremlin is restricted to anterior mesenchymal blastema cells, and that sustained expression of FGF8 in anterior cells requires HH signaling. On the other hand, posterior tissue is unable to upregulate FGF8 even in the presence of HH signaling. However, forced expression of FGF8 in posterior tissue resulted in upregulation of endogenous Sonic hedgehog and the combined actions of these pathways led to completion of limb outgrowth.
These results lead to a model for normal limb regeneration in which limb amputation (in the presence of nerves) induces the formation and proliferation of both anterior and posterior blastema cells ( Figure 2C ). This blastema formation step unleashes a latent capacity in anterior cells to express FGF8 and Gremlin, and in posterior cells to express SHH. Interestingly, PIWI family members could be involved in this unleashing step (Zhu et al., 2012) . The sustained expression of anterior FGF8 requires SHH from the posterior, and in turn, late expression of SHH requires FGF8 signaling from anterior resulting in a cross-co-dependency of anterior and posterior signaling factors. In addition, SHH and FGF8 are known to be involved in anterior/posterior and proximal/distal digit patterning which comes into play at late stages of regeneration.
These results provide an explanation for the supernumerary limbs induced by blastema transplantation shown in Figure 1A (see Figure 2D ). Transplantation of a left blastema onto a right limb places anterior, FGF8-expressing blastema cells of the donor next to posterior cells of the host and vice versa, posterior SHH-expressing donor blastema next to anterior host tissue. The surgical manipulation also induces the host tissue to generate regeneration-competent cells, so that the posterior host cells upregulate SHH, as observed by Bryant and colleagues (Torok et al., 1999) . On the other side of the limb, the anterior host cells presumably upregulate FGF8 which is sustained by the expression of SHH in the donor blastema. This induction results in the establishment of three signaling centers: the one in the blastema itself, one utilizing FGF8-expressing anterior host tissue with the SHHexpressing posterior donor blastema, and a third with FGF8-expressing donor blastema promoting SHH expression in the host ( Figure 2D ). It is interesting that three distinct limbs are formed rather than one larger limb with digit duplications, as might be expected from avian/mouse limb development studies. This suggests that there are geometrical, scaling boundaries involved in the FGF8-SHH blastema crosstalk. In addition to explaining supernumerary limb formation, these results also raise the important point that in non-regenerative vertebrates that may lack cells with different positional identities, ectopic provision of extracellular factors could conceivably be used to stimulate downstream events and rescue regeneration ability.
An interesting further question is what is the nature of the anterior versus posterior cell determination state that governs this system? Retinoic acid (RA) may be a factor that can alter these states. Using the accessory limb model, McCusker et al. found that transplantation of RA-soaked beads into dorsal/anterior limb tissue but not ventral/posterior could induce an ectopic limb (McCusker et al., 2014) . Given the developmental role of RA being a factor that can induce SHH in anterior limb tissue, these results could mean that RA converts anterior/ventral tissue into posterior/dorsal tissue. Secondary transplants from the RAinduced ectopic limbs into anterior blastemas as performed in Nacu et al., would be a way to establish whether RA is an upstream regulator of posterior identity state, or rather a downstream actor in limb outgrowth. RA could alternatively be acting in this case to form an entirely new limb field, an activity seen in studies of RA application to regenerating frog limbs and tails (Cuervo and Chimal-Monroy, 2013; Mohanty-Hejmadi et al., 1992) .
These experiments also provide a good opportunity to raise an oft-asked question: how does regeneration stop? In limb development, a model was proposed in which limb outgrowth naturally leads to separation of the posteriorly localized SHH from the epidermis which requires SHH for sustained FGF8 expression, although more recently other models integrating Turing models or intrinsic timers have come into play (Raspopovic et al., 2014; Roselló -Díez et al., 2014; Saiz-Lopez et al., 2015) . The condition of separating SHH and FGF feedback may be more difficult to achieve in the axolotl limb blastema, where the FGF8 is not epidermally localized but is in anterior mesenchyme. Furthermore, when Nacu et al. overexpressed FGF8 in anterior blastemas, it is likely that high FGF8 levels were sustained throughout the regeneration process yet appropriately sized limb elements formed. This suggests that there may be other feedback systems governing the cessation of regeneration that are yet to be uncovered.
How to Regenerate the Right Portion of Limb?
The question of when to stop actually encompasses two separate phenomena. One aspect relates to understanding when cells start differentiating to form appropriately sized tissues that match body size. While few studies address this issue, Singer and Craven found that denervating the limb after blastema formation results in regeneration of a smaller-than-expected limb (Singer and Craven, 1948) . The other aspect of size encompasses how the animal gauges the site of amputation to regenerate the appropriate limb segments (upper arm versus lower arm versus hand). In normal regeneration, cells show a hierarchy of positional reprogrammability; meaning that amputation in the upper arm results in a blastema harboring cells that convert to form lower arm and hand. In contrast, amputation at the hand level generates hand blastema cells that are not normally able to become upper arm cells as revealed by transplantation to upper arm stumps or blastemas (Pescitelli and Stocum, 1980; Roensch et al., 2013) . This hierachical cellular restriction in positional identities explains the ''rule of distal transformation'' as posited by Butler and Rose based on the circular limb experiments ( Figure 1B) .
When it comes to understanding how to regenerate appropriate segment number, retinoic acid (RA) that reprograms this positional hierachy has served a key role in revealing a position-specific molecular network (for references, see Nacu and Tanaka, 2011) . Limb regeneration was the first context in which retinol (vitamin A) was discovered as a potential morphogenetic substance that can alter cell identity in multiple contexts of axial patterning. Provision of retinoic acid globally during regeneration converts a hand (distal) blastema into an upper arm (proximal) blastema that then inappropriately regenerates an upper arm from a wrist amputation. A clever approach transfecting thyroid hormone receptor/retinoic acid receptor isoform chimeras in vitro and in vivo, showed that a newt-specific RARg variant (called RARd2) could confer upper arm properties to blastema cells. Similar in vivo overexpression and knockdown approaches also demonstrated the transcription factor MEIS, and the GPIlinked PROD1 as retinoic acid targets that confer upper arm cell properties to blastema cells. The current model would place RAR d2 upstream of MEIS that induces the cell-surface molecule PROD1 to yield cells that contribute to upper arm regeneration.
These RA studies raise the important point-which cells are responding to retinoic acid? In fact, positional identity is a celltype specific property-not all limb cell types ''know'' which part of the limb they are from The MEIS and PROD1, as well as HOX, molecular machinery exert their effects within lateral plate mesoderm-derived connective tissue cells of the limb. Correspondingly, only connective tissue, but not muscle, nerve, or blood vessels, obeys the organizing principle of the ''rule of distal transformation'' (Kragl et al., 2009; Nacu et al., 2013) . This means that, as in development, connective tissue lineage cells form the essential limb scaffold during regeneration, and other cell types subsequently organize themselves along this blueprint.
In the past, molecular studies of positional identity and blastema formation have been limited by the inability to isolate connective tissue cells from before and during regeneration and by the inability to specifically perturb gene expression in those cells and not other, irrelevant cell types. The recent development of reliable tissue-specific gene control combined with somatic cell gene knockout via CRISPR and viral approaches will bring new possibilities to address these issues (Khattak et al., 2013b; Khattak et al., 2013a; Whited et al., 2013; Fei et al., 2014; Fei et al., 2016; Nacu et al., 2016) .
Is Regeneration an In Vivo Example of Reprogramming?
The mature limb tissue contains adult cells that ''convert'' into a mass of limb-bud like mesenchymal blastema cells that has the competence to produce the correct diversity of tissue types in the right place at the right time. Tissue-level tracing demonstrated that each tissue compartment, epidermis, muscle, connective tissue, and Schwann cells contribute distinct, lineage-restricted progenitors to the blastema (Kragl et al., 2009) . A key question is not only which cells are making the blastema, but also how? What states do cells enter in order to do this? Many have termed the transformation of the amputated limb tissue into blastema as a tissue-level ''dedifferentiation,'' but it is important to ascertain whether reversal of cell differentiation or rather the forward differentiation of stem cells is occurring. For example, the invertebrate flatworm, planaria, harbors pluripotent stem cells, that upon body amputation undergo forward differentiation to make missing structures (Eisenhoffer et al., 2008; Reddien, 2013) . In light of ''man-made'' reprogramming from numerous different cell types into a diverse array of cell types, it seems plausible that in regenerative vertebrates reprogramming may also occur during blastema cell formation. Therefore, refined lineage tracing of cells has been an essential pre-requisite to dissecting the molecular mechanism of blastema cell generation.
Evolutionarily Diverse Modes of Reprogramming Muscle Tissue into Myogenic Blastema Cells
Interestingly, lineage tracing of muscle during salamander limb regeneration has revealed that dedifferentiation or stem cell activation are employed in a species and perhaps stage-dependent manner. These results point to dynamism in the evolution of regenerative progenitor cell generation mechanisms. CRE/loxPbased genetic fate mapping in transgenic axolotls showed the exclusive use of PAX7 + satellite stem cells and no dedifferentiation of muscle cells during limb regeneration (Sandoval-Guzmá n et al., 2014) . This satellite cell-driven muscle regeneration has been commonly found in birds, mammals, frogs, and recently during arthropod limb regeneration, showing that it is an ancient mode of muscle regeneration (Konstantinides and Averof, 2014) . Strikingly, somatic CRE/loxP cell labeling of muscle fibers in another salamander species, the newt, Notophthalmus viridescens, revealed that in the newt, muscle fibers dedifferentiate to generate proliferative, PAX7
À blastema cells that contribute to regenerated muscle (Sandoval-Guzmá n et al., 2014). Genetic fate mapping of muscle dedifferentiation in the Japanese newt suggests that pre-metamorphosis, the newt may implement PAX7 + satellite cells without muscle dedifferentiation, whereas muscle dedifferentation may dominate in post-metamorphic newts . Dedifferentiation as a mode to generate regenerative progenitors is not unique to newt muscle and has been seen in several cell types such as osteoblasts and cardiomyocytes during fin and heart regeneration (for review see Tanaka and Reddien, 2011) . Remarkably, in the invertebrate, jellyfish mononucleated, striated muscle dedifferentiates to form many cell types including endoderm, neural, digestive, and glandular cells to achieve regeneration of somatic body parts (Schmid and Alder, 1984) . These findings indicate that dedifferentiation is also an ancient mode of cell behavior associated with regeneration. The molecular basis of dismantling the differentiated muscle state is just coming to light and involves caspase3-related pathways (Wang et al., 2015) . Initiation of cell death via staurosporine but prevention of completion caused cultured newt myotubes to generate proliferative mononucleate cells. In vivo, inhibition of caspase activity reduced the efficiency of muscle dedifferentiation. Caspases have now been implicated in a number of signaling and cell fate events, and it will be fascinating to know if their primary role is in dismantling the myofibrillar structures that themselves provide a negative feedback to cell dedifferentiation, or rather act directly on signaling or cell fate determinants.
The same cell-death induction trick even worked to provoke dedifferentiation of primary mouse myotubes but additional inhibition of p53 was necessary to generate proliferative cells (Wang et al., 2015) . A different chemical screening approach on mouse myotubes had identified protein phosphatase inhibition combined with apoptosis inhibition as a means to induce mouse myotube dedifferentiation to a PAX7 + cell type which seems contradictory to the above mentioned result (Paliwal and Conboy, 2011) . It might be surmised that repression of tumor suppressor type phosphatases also initiate dedifferentiation, with the apoptosis inhibitor also acting in this case to prevent completion of cell death. In any case, the need to negate tumor suppressor control has also been seen in a mouse myocyte dedifferentiation assay, where the combined knockdown of pRB, and p16
INK4 p19
ARF allowed myogenin-positive mouse myocytes to become proliferative progenitors (Pajcini et al., 2010) . In the in vitro newt myotube system, sustained ERK signaling is upstream of p53 downregulation (Yun et al., 2014) raising the interesting possibility that ERK signaling acts through one of the divergent amino acid sites on salamander p53. These results point to the dismantling of growth control checkpoints, which also facilitates mammalian reprogramming into iPS cells, as a natural and unnatural player in dedifferentiation. Why does skeletal muscle dedifferentiation exist in a sub-family of salamanders given that PAX7 + satellite cells are sufficient to do the job in all other animals known so far? Muscle dedifferentiation is not the only regenerative feature that differs between newts and axolotls. Transdifferentiation of dorsal iris epithelium to lens, and lifelong regeneration of neural retina is seen in newts but not in axolotls (Del Rio-Tsonis and Tsonis, 2003) . It is possible that newts have generally coupled injury-signals such as apoptotic signaling to a cellular machinery for dismantling the differentiated state and that this is used in the regeneration of another body part that provides a selective survival advantage.
Why Them and Not Us?-Evolutionary Perspectives of Regenerative Pathways
No discussion of regeneration would be complete without a consideration of how it evolved. An exciting dimension of the recent molecular findings are the hints as to how changes in cell, gene, and protein function may have ''helped regeneration along'' or may have dampened regeneration in other contexts. These findings point to the remarkable dynamism over evolutionary timescales in traits related to regeneration such as differential implementation of muscle dedifferentiation in two branches of salamanders or the use of salamander-specific protein family members such as PROD1 (Garza-Garcia et al., 2010; Sandoval-Guzmá n et al., 2014) . Transcriptome/proteome analysis suggests that there may be numerous such proteins (Looso et al., 2013) . Previously, a prevalent theory postulated that regeneration was an ancient trait lost by other animals, but this idea is being challenged by a number of voices and the evolutionary history of limb regeneration is likely to be a more sophisticated scenario. (Brockes et al., 2001; Goss, 1969; Sá nchez Alvarado, 2000) . Several key traits of salamander limb development probably influenced the capacity to accommodate regeneration. In reptiles, birds, and mammals, the limb bud develops during early embryogenesis as a bulging out of lateral plate mesoderm that sits next to developing somites and intermediate mesoderm which express signals essential for limb bud induction. In amphibians, the limb bud, though specified early in development, emerges much later after the animal has developed into a free-living larvae and therefore outgrowth is apparently not dependent on axial development. Galis and colleagues argue that the late developing amphibian limb bud has unique self-organizational properties when transplanted to other body regions and also has the capacity to interact with adult-derived myogenic precursors. This semi-autonomous property of limb bud development could be a key feature that permitted limb regeneration (Galis et al., 2003) . This developmental trajectory could also have allowed nerves to take on a central role in providing inductive cues for growth and limb patterning during regeneration. In line with such thinking, when Brockes and colleagues examined the expression of NAG in limb buds versus limb blastemas, they observed epidermal NAG expression in the newt limb bud that was not initially nerve dependent but became nerve dependent upon maturation (Kumar et al., 2011) . Similar tissue contingencies could be operating for expression of the retinoic acid synthesis enzyme, RALDH2 (Monaghan and Maden, 2012) . It is tempting to speculate that the late mode of limb development (and regeneration ability) could have been ancestral to land-dwelling tetrapods, since lungfish show late emergence of limb buds and regeneration, but that the common ancestor to reptiles, birds, and mammals had adopted the early limb development mode (Galis et al., 2003) . Speculations aside, it seems that, in vertebrates, at least two chronological modes of limb development can be deployed that rely on similar but not identical developmental signaling topologies and this may have strong implications for limb regeneration capacity.
Gene Regulatory Changes in Conserved Signaling
Cassettes Changes in gene regulatory sequences are important mediators of diversity in animal form as evidenced in studies of sticklebacks (Jones et al., 2012) , and such events also probably impinge on regeneration capacity. Restriction of Fgf8 and Gremlin expression to anterior mesenchyme is a central feature of how the regenerating axolotl limb integrates position with growth. In frogs, birds, and mammals, Fgf8 is expressed not in mesenchyme but in the apical ectodermal ridge, and it is hypothesized that as the limb grows, an increasing distance between the mesenchymal SHH expression zone and epidermal FGF8 breaks the positivefeedback loop required to promote limb growth (Verheyden and Sun, 2008) . Given that limb regeneration takes place on adult limbs that are much bigger than embryonic limb buds, it is tempting to speculate that the mesodermal expression of FGF8 facilitates both setting up and maintaining the positivefeedback loop in large blastemas and also distributes the signal across the proximal-distal axis of the larger blastema. ShimizuNishikawa and colleagues examined whether in frogs that lose regeneration ability, the epidermal expression of FGF8 becomes limiting for the ability of transplanted limb buds to induce intercalary regeneration from host stump tissues (Shimizu-Nishikawa et al., 2003) . Indeed, co-implantation of FGF8-soaked beads at the transplant border could rescue the ability of transplanted limb buds to induce a regeneration response from stump tissue. Changes in FGF10 localization have also been hypothesized to be an important aspect in the loss of limb regeneration since FGF10 bead implants have been described to rescue the loss of regeneration in late Xenopus tadpoles (Yokoyama et al., 2000) .
Beyond limb regeneration, planaria has provided a striking example in which gene expression of canonical developmental factors has been modulated toward a regenerative outcome. WNT and BMP are well-known specifiers of A/P and D/V axis patterning during embryogenesis. Correspondingly, the pluripotent neoblasts in adult planaria are patterned by these axial morphogens-Wnt expression gradients along the A/P axis and Bmp signals along the D/V axis determine maintenance and regeneration of these axial patterns. In the adult planaria, expression of these morphogens is delegated to subepidermal muscle cells that encase the body and therefore act as a signaling scaffold (Witchley et al., 2013) . Interestingly, among different planarians, species differences in WNT pathway component expression underlie diversity in head regeneration ability. Several flatworm species were identified that lack head regeneration, and in all three cases, downregulation of b-catenin lead to full head regeneration (for summary see Simon, 2013) . These results reinforce the idea that changes in expression of developmental morphogens play a central role in determining regeneration ability.
Sex-linked changes in WNT regulators are also associated with negative effects on regeneration in the zebrafish fin (Kang et al., 2013) . Male fish harbor epidermal tubercles on their fins that are used to hold females during mating, and these tubercles are molecularly identifiable due to expression of the WNTinhibitor, DKK1. WNT signaling is, however, essential for fish fin regeneration. When male fins are amputated in a region of dense epidermal tubercles, a high rate of regeneration defects are seen that can be partially rescued by GSK inhibitor-mediated WNT activation. Conversely, androgen-mediated induction of epidermal tubercles in females was associated with an increase in fin regeneration defects. This work makes clear that lifestyles and habitats exert enormous influence on traits that impinge on regeneration and the control of morphogen gene expression seems to be one major factor in the regeneration matrix.
Understanding how such pro-and anti-regenerative changes in gene regulation have occurred at the genome level will be an interesting future direction. Kang et al. have provided some first insights through the identification of a regeneration-associated enhancer upstream of the gene, Lep1, that is highly induced during fin and heart regeneration (Kang et al., 2016) . Interestingly, separable elements are responsive to fin versus heart transection and operate cross-species indicating responsiveness to tissue-specific but conserved injury cues. Both enhancers contain recognizable transcription factor binding sites. How these enhancers became assembled and associated with proregenerative genes will surely yield interesting knowledge.
What Does the Fossil Record Say?
The fossil record has recently divulged some new insight on the history of appendage regeneration. Signs of limb and tail regeneration such as bilateral differences in limb ossification, and regeneration-specific traits of tail vertebrae, were found in a diverse range of Temnospondyl species that are considered a likely stem lineage of modern amphibians (Frö bisch et al., 2015) . Evidence of regeneration was also found in ancient Lepospondyl species that are grouped in the clade of vertebrates that lead to Amniotes. Taken together, these observations suggest that regeneration could have been an ancestral property of all amphibians and even possibly of tetrapods-a conclusion that is supported by the reported regeneration capacities of both a sarcopterygian lungfish, Protopterus, and an actinopterygian rayfinned fish, Polypterus (Conant, 1970; Cuervo et al., 2012) . Such conclusions would support a view that limb regeneration ability was lost at least once in the lineage leading to amniotes.
As mentioned above, delayed limb development in amphibians could be functionally linked to limb regeneration, and another limb development trait unique to salamanders, called pre-axial dominance, has also been discussed as having a functional correlation to limb regeneration capacity (Kumar et al., 2015) . In contrast to birds and mammals, the salamander limb forms anterior limb elements before the posterior ones (Frö bisch and Shubin, 2011) . Intriguingly, in the newt limb bud, PROD1 together with BMP2 are expressed in a line of mesenchymal cells splitting the nascent radius and ulnar, and later the nascent digits, that is highly evocative of a role in pre-axial polarity (Kumar et al., 2015) . A TALEN mediated genomic knockout of Prod1 yielded a loss in BMP2 expression and a block in extension of the radius and ulnar and subsequent digit formation. Brockes and colleagues hypothesize that Prod1, which is present in all salamander species tested so far, is a salamander-specific gene that evolved to regulate preaxial dominant digit development and that its implementation could be somehow linked to evolution of regenerative ability. Examination of the fossil record for pre-axial versus post-axial limb showed signs of preaxial digit development in Temnospondyls (lineage grouped with Amphibia) but signs of post-axial digit development in Lepospondyls (lineage grouped with Amniotes) so preaxial dominance and regeneration were not necessarily linked in ancient species (Frö bisch et al., 2015) but could have become linked later by genes such as Prod1 in the path to modern salamanders.
And...What about Mammals?
Birds and mammals lose limb regeneration ability early in development at a stage where plenty of proliferative progenitor cells still exist. Regeneration can be induced for some time by the provision of FGF4-soaked beads, suggesting that the competence to induce the growth promoting signals is lost before the competence to execute tissue formation (Kostakopoulou et al., 1997) . Loss of regenerative ability also correlates with loss in inducibility of the Msx1 gene that is normally found in the undifferentiated cells at the distal tip (Kostakopoulou et al., 1996) . Understanding these changes in the inducibility of developmental signaling cassettes is likely to be a key aspect of understanding loss in regeneration capabilities.
Msx1 expression is also a landmark demarcating the limited regeneration capability found at later stages in the neonatal digit tip of mice, where amputation distal to the last joint leads to regeneration (Han et al., 2003) . Mice can regenerate their digit tips only when amputated beyond the last joint, under conditions in which the nail bed epithelium and Msx1-expressing mesenchyme is preserved. Similar to limb regeneration, this regeneration occurs via tissue-restricted progenitors (Lehoczky et al., 2011; Rinkevich et al., 2011) .
In terms of signaling circuitry, there may be similarities to salamander limb regeneration. In the mouse digit tip, the injured nail bed acts as a WNT source that attracts nerves that are required for epithelial FGF expression (Takeo et al., 2013) . This nerve-epidermis relay is reminiscent of limb regeneration events described above. A characteristic of salamander limb regeneration is the regeneration of limb segments distal to the amputation plane. Application of BMP to mouse digits can induce bone growth from more proximal digit segments, but true regeneration of new segments and associated joints has not yet been observed (Yu et al., 2010) . In this case it is unclear if growth of existing bone occurs by the same mechanisms as generation of new segments, and understanding this distinction may hold a key to understanding limb regeneration.
Perspectives
While there are still many exciting areas to explore in salamander limb regeneration, it is a question that is firmly in an age of molecular insights linked to conceptual understanding. Through this progress, one can speculate how and why limb regeneration occurs in the salamander (Figure 3) . Connective tissue cells residing in different locations of the mature limb harbor different innate but quiescent potentials to activate position-specific developmental gene programs that are presumably inherited from development. Limb amputation initiates a wound-related epidermis activation that secretes factor(s) including MLP that induce the first cell cycle. Other tissues such as injured nerve and macrophages provide additional factors such as neuregulin, anterior gradient, FGFs and BMPs that sustain proliferation, either directly or indirectly through interaction with the wound epidermis. During this blastema induction process, connective tissue cells become proliferative and also start to express position-specific factors such as MEIS in the upper arm, and FGF8 or SHH in the anterior and posterior blastema, respectively. This cross-inductive, positive-feedback loop sustains growth and simultaneously, directly or indirectly induces MEIS + HOXA9 + blastema cells to become distalized to lower arm cell types at the tip of the blastema. By this time, the limb patterning circuitry has been established and the cells presumably execute limb formation using developmental mechanisms. Understanding how mature cells that are poised in different positional determination states are converted into blastema cells that express developmental factors is an important future direction.
To understand animals with regeneration deficits, it will be important to determine if cells are lacking some or all of the positional determination states. Alternatively, downstream developmental programs may not be fully activatable by amputation cues or the required pro-proliferative cell and molecular circuitry may be lacking. Several groups working on Xenopus which loses regeneration after metamorphosis have started to provide some insight into such potential limitations and how they may be overcome (Yakushiji et al., 2009; Yokoyama et al., 2001; Lin et al., 2013) . Another interesting issue is how to exploit the knowledge about species-specific proteins that facilitate regeneration.
These insights should inspire tissue engineers and synthetic biologists seeking to elicit regeneration in humans to try not only to make a replica of the system but to try, through a deep understanding of underlying principles, to complement natural deficits by analagous means. An example inspired by material principles, is the replication of Erodium seed dispersal using completely artificial materials (Abraham et al., 2012) . If we know in principle what cells need to do for a successful regeneration outcome, perhaps there are alternative routes and materials that can be recruited to help them arrive at the final state.
